Abstract
range of species, and does not require specific expertise, which is often necessary for 48 other methods. 49 However, DNA metabarcoding is not free from bias. PCR primers must be specifically 50 tailored to particular sets of taxa or species (11) . Although "universal" PCR primer pairs 51 have been developed (for example targeting all bilaterians or even all eukaryotes (12), 52 all primer sets exhibit bias towards certain taxa. Five-fold differences in fungal 53 operational taxonomic units (OTU) estimates have been found when using different 54 sets of fungal-specific PCR primer pairs (13). It has also been shown that published 55 Page 4 of 44 universal primer pairs were capable of amplifying only between 57% and 91% of 56 tested metazoan species, with as few as 33% of species in some phyla being amplified 57 at all (e.g. cnidarians) (14) . Different genomic loci from the same species can exhibit up 58 to 2,000-fold differences in DNA concentration as inferred using qPCR (15). The choice 59 of polymerase can also bias diversity metrics when using metabarcoding (16). For 60 these reasons, an approach that circumvents PCR and thus avoids these biases is 61 desirable.
62
Metagenomic sequencing aims to directly sequence all of the DNA in a sample without 63 introducing bias. Although there are still biases with this approach, for example due to 64 nucleotide content affecting the likelihood of a molecule being sequenced, these are 65 inherently less than those introduced by metabarcoding. Metagenomic approaches 66 have most frequently been used to yield insights into microbial diversity and function 67 (17-24). Metagenomic applications aimed at eukaryotic taxa identification are less 68 common. Several metagenomic diet studies have implemented filtering steps to select 69 only mitogenomic sequence or metabarcode regions, or have used abridged 70 databases before data analysis in order to mitigate database biases (25-27). However, 71 to our knowledge, very few studies have used unfiltered metagenomic sequence 72 analysis to infer diet (30,31). 73 Here, we establish a proof-of-principle methodology to accurately classify 74 metagenomic sequences from eukaryotic taxa and determine diet content using low- 75 accuracy, long-read sequencing, Oxford Nanopore (ONT).
76
Page 5 of 44 We quantified rat diets from several locations in the North Island of New Zealand using 77 stomach samples. Using these samples and methodology provides three distinct 78 advantages. 79 First, rats are extremely omnivorous. As such, they serve as an excellent means to 80 quantify the breadth of taxa that can be detected using a metagenomic long read 81 approach. 82 Second, the use of stomach samples means that a significant number of reads will be 83 host reads. This allows us to assess the characteristics of true positive sequence reads 84 (rat-derived reads that match rat database sequences), as well as false positive reads 85 (rat-derived reads that match non-rat database sequences). We can then determine 86 whether reads matching diet items have similar characteristics to known true positive 87 reads. This use of host reads is exactly analogous to feeding the rats a diet of known 88 content (i.e. rat) and testing whether the contents of the known diet can be accurately 89 identified using this method. 90 Third, quantifying rat diets has important ecological implications. However, these read numbers are considerably below those expected for current ONT 122 flow cells and software, which has improved per flow cell output more than 100-fold 123 above these numbers.
124
We found large variation in the numbers of reads per barcode: approximately 10-fold for 125 the January samples, and up to 40-fold in March (Fig. 1A and 1B) . We hypothesise that 126 this is due to the highly variable quality of DNA in each sample. This did not appear to 127 have strong effects on read accuracy, as the median phred quality scores per read 128 ranged from 7-12 (0.80 -0.94 accuracy) for both runs.
129
The degradation of the DNA during digestion in the stomach, as well as fragmentation (Fig. 1C) . Within runs, read length and quality were similar. Although these 133 median read lengths are considerably shorter than other nanopore sequencing results
134
from both our and others work (49), we found wide variation in length, with almost 10% 135 of all reads being longer than 1200 bp. Notably, reads of this length can allow more 136 precise taxonomic identification than accurate short reads (32).
137
To quantify diet contents we first BLASTed all sequences against a combined database (ftp://ftp.ncbi.nlm.nih.gov/blast/db/README)). We used BLAST as it is generally viewed between 350 bp and 1,580 bp in length, with only 0.55% being longer than 4,000 bp.
157
We first aimed to assess the quality of these hits. We found a bimodal distribution of 158 alignment lengths and e-values ( Fig. 2A) . We also noticed that mean read quality had 159 substantial effects on the likelihood of a read yielding a BLAST hit, with almost 40% of 160 high accuracy reads having hits in the March dataset, as compared to 1% of low 161 accuracy reads (Fig. 2B) . We hypothesized that many of the short alignments with high definition, the LCA is that species.
191
16,820 reads (76%) were assigned to a taxon by MEGAN. Of these, 31% were 192 assigned by MEGAN as being bacterial, and 55% of these were Lactobacillus spp.
193
These results match previous studies on rat stomach microbiomes, which have found 194 lactobacilli to be the dominant taxa (52-55). Plant-associated Pseudomonas and
195
Lactococcus taxa were also common, at 7% and 6%, respectively. identity of the reads assigned to Mus would be higher than in rats that had not predated 210 mice. However, we found that the ratio of mouse to rat reads and percent identity was 211 similar for all rats. This suggested that these Mus hits were indeed false positives and 212 could thus be used to determine the rate of false positive genus-level assignment.
213
The mean percent identity values of the best BLAST hits for Rattus and Mus reads 214 differed substantially, with Rattus reads having a median identity of 86.4%, and Mus 215 81.0% (Fig. 3A) . The mean percent identity for Rattus reads corresponds very well to The remaining 2.7% were assigned to the family Cricetidae (voles and lemmings), 237 except or four reads assigned to Spalacidae (mole-rats) (Fig. S2) . These are clear false 238 positive assignments, as it is highly unlikely that these families were predated. alignments of rat (Rattus) and diet items is much higher than for mouse (Mus).
244
Histograms of the percent identity of the alignment of the top BLAST hit with the read.
245
Mus matches have substantially lower percent identity compared to both Rattus and diet 246 items. The dotted lines indicate the cut-offs that we implemented for inferring reads as 247 belonging to a specific genus (above 82.5% identity) or family (above 77.5% identity). For reads that did not pass the above cut-offs, we placed taxon assignments at the 267 level of order, or used the taxon level assigned by MEGAN. Using these cut-offs, 16% 268 of all reads were classified at the genus level; 71% were classified at the family-level or 269 below; 89% were classified at the order-level or below; and 98% were classified at the 270 phylum-level or below. Again, most had short alignments ( Table S4) . The exception to this were three reads 274 from two rats matching Buthidae (scorpions), which had alignment lengths of 762 bp, 275 664 bp, and 298 bp with identities of 83%, 88%, and 79%, respectively. It is unlikely 276 these are true positives, and instead we hypothesise that these rats predated (Fig. 5) . In this analysis, we consider all non-host, non-bacterial reads as potential diet We first considered only animals with sequenced genomes in the database. For these, 333 we found that the fraction of reads that mapped to non-genomic sequence (mtDNA, 334 rDNA, microsatellite, plastid, and EST library) ranged from 0% (Coturnix and Numida) to 335 27% (Rattus) to 39% (Gallus) (Fig. 6) . This is a considerable range, and we 336 hypothesise that variation in the fraction of non-genomic reads is due to the type of has a higher fraction of mtDNA to nuclear DNA than egg. For species without fully 362 sequenced genomes, this fraction ranges from 0% to 20% (Phoenix, which has a small 363 amount of genomic data present in the database).
365
After classification of the reads at the genus, family, and order level, further examination 366 of the data suggested that specific taxa were overrepresented in the diets of rats from 367 particular locations. For example, six out of eight rats from the native estuarine bush 368 habitat (OB) consumed Arecaceae, while only one in the restored wetland area (LB) did.
369
All three rats that consumed Phaseanidae were from the native estuarine habitat (OB).
370
All five rats that consumed Solanales were from the restored wetland area. These In order to determine if diet composition of the rats differed consistently between 375 locations, we first performed an unconstrained analysis using non-metric 376 multidimensional scaling (nMDS) on taxa assigned at the family level. The input for the 377 nMDS was the dissimilarity matrix (Bray-Curtis distance of diet at the family level).
378
NMDS uses rank-based distances to cluster samples that are most similar.
379
The family-level unconstrained ordination (nMDS) showed no obvious grouping of rats 380 with respect to the locations (Fig. 7A) , indicating that locations did not correspond to the (Fig. 7B) . We found that the CAP axes correctly classified the locations of 19 385 out of 24 (79%) rats using a leave-one-out procedure. The families having the largest 386 correlations with the first two principal coordinates, and thus most responsible for the 387 separation between groups, were primarily plants: Arecaceae, Podocarpaceae,
388
Piperaceae, and Pinaceae. In addition, insect groups (Cerambycids and Formicids) and 389 birds (Phaseanidae and Numididae) played a role (Fig. 7C) . 390 The families driving similarity within the three locations (i.e., those that had the greatest (accounting for 51% of the within-group similarity), Solanaceae (11%), and Fabaceae 394 (11%). The average similarity for OB was 21%, with the greatest contributing taxa 395 being Arecaceae (33%), Poaceae (23%), Fabaceae (9%), and Phasianidae (8%). The 396 average similarity for WP was 24%, with the greatest contributing taxa being Poaceae 397 (72%) ( Table S4) . 
423
As the species sampling of genomic databases increases (59), the taxon-level 424 precision of this method will improve. Given the current rate of genomic sequencing, 425 with careful sampling, the vast majority of multicellular plant and animal families (and 426 even genera) will likely have at least one type species with a sequenced genome within 427 the next decade. Continued advancement in sequence database search algorithms as 428 compared to current methods (23, 24, 60) should considerably decrease the 429 computational workload necessary to find matching sequences. 430 
Methodological advantages 431
As genomic databases become more complete, metagenomic approaches will offer 432 significant advantages due to decreased bias. We found that rats consumed many soft- Some modifications to our approach might further increase the precision of our ability to 458 infer community composition. Any error-prone long read dataset (i.e. PacBio or ONT) 459 has both short (e.g. 500 bp) and long (e.g. 5000 bp) reads, as well as high quality (e.g.
460
mean accuracy greater than 90%) and low quality (e.g. mean accuracy less than 80%) 461 reads. When inferring community composition, a null expectation is that taxa should be 462 equally represented by long, high quality reads as they are by short, low quality reads. If Here we have shown that a rapid error-prone long read metagenomic approach is able 480 to accurately characterise diet taxa at the family level and distinguish between the diets 481 of rats according to the locations from which they were sourced. This information may 482 be used to guide conservation efforts toward specific areas and habitats in which native 483 species are most at risk from this highly destructive introduced predator. inspection. These 34 rats were selected for further analysis.
509

DNA Isolation 510
Within 48 hours of trapping, rats were stored at either -20°C or -80°C until dissection.
511
We dissected out intact stomachs from each animal and removed the contents. After 512 snap freezing in liquid nitrogen, we homogenised the stomach contents using a sterile 513 mini blender to ensure sampling was representative of the entire stomach.
514
We purified DNA from 20 mg of homogenised stomach contents using the Promega gapopen -5, gapextend -2), and only hits with an e-value of 1e-2 or less were saved.
543
Due to the predominance of short indels present in nanopore sequence data, we used 544 an initial set of basecalled data to test whether changing these default penalties affected 545 the results (gapopen -1, gapextend -1). We found that these adjusted parameters did 546 not qualitatively change our results.
547
We assigned sequence reads to specific taxon levels using MEGAN6 (v.6.11. Multivariate analyses were done using the software PRIMER v7 (42). The data used in 555 the multivariate analyses were in the form of a sample-(i.e. individual rat) by-family 556 matrix of read counts. All bacteria, rodent, and primate families were removed. The 557 majority of rodent hits were to rat and mouse, resulting from the rats' own DNA (see 558 below). The majority of the primate hits (32 in total) were assigned to Hominidae (19), 559 which likely resulted from sample contamination ( Table S3) .
560
The read counts were converted to proportions per individual rat by dividing by the 561 total count for each rat, to account for the fact that the number of reads varied 562 substantially among rats (43) . The proportions were then square-root transformed so square-root transformed proportions of read counts across families (43) . 567 We used unconstrained ordination, non-metric multidimensional scaling (nMDS) 568 applied to the dissimilarity matrix to examine the overall patterns in the diet 569 composition among rats. To assess the degree to which the diet compositions of rats 570 were distinguishable among the three locations, we applied canonical analysis of 571 principal coordinates (CAP) (45) to the dissimilarity matrix. CAP is a constrained 572 ordination which aims to find axes through multivariate data that best separates a priori 573 groups of samples (in this case, the groups are the locations from which the rats were 574 sampled); CAP is akin to linear discriminant analysis but it can be used with any 575 resemblance matrix. The out-of-sample classification success was evaluated using a 576 leave-one-out cross-validation procedure (45).
577
We used Similarity Percentage (SIMPER; (46) ) to characterise and distinguish between 578 the locations. This allowed us to identify the families with the greatest percentage 579 contributions to (1) the Bray-Curtis similarities of diets within each location (Table S5) 580 and (2) the Bray-Curtis dissimilarities between each pair of locations (Table S6) . 
